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Abstract
New small-x data indicate the existence of two pomerons: the usual soft pomeron
with intercept close to 1.08, and a hard pomeron with intercept about 1.4
1 The soft pomeron
The existence of the soft pomeron is now well-established, even if the precise
value of its intercept 1 + ǫ1 is not agreed. Donnachie and I believe[1] that ǫ1
is close to 0.08, while others[2–4] believe it is close to 0.1. It seems that, to a
good approximation, the trajectory is linear:
α1(t) = 1 + ǫ1 + α
′
1t (1)
The value of the slope has been known for a over a quarter of a century[5] to
be
α′1 = 0.25 GeV
−2 (2)
This value has since been confirmed by comparison between elastic-scattering
data from the ISR and the Tevatron: see figure 1. The value (2) correctly
predicted the observed shrinkage of the forward peak.
Another verification comes from the change in the differential cross section for
the process γp→ ρp with increasing energy. It is essential to include not just
soft-pomeron exchange, but also f2, a2 exchange, for which the trajectory is
αR(t) = 1 + ǫR + α
′
Rt (3)
with
ǫR ≈ −0.5 α′R ≈ 0.9 Gev−2 (4)
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Fig. 1. pp elastic scattering[6] at
√
s = 53 GeV and[7] p¯p at
√
s = 1800 GeV. The
curves verify the value of the soft-pomeron slope to be α′1 = 0.25 GeV
−2.
A fit to the low-energy data is shown in figure 2. The same fit continues to
perform well when extrapolated to high energy: figure 3.
2 Two pomerons
While the soft pomeron accounts well for the rise with energy of cross sections
for soft processes, data for hard and semi-hard processes reveal an additional
contribution. The data are described very well[10,11] by the assumption that
this contribution is a second pomeron. If its trajectory is linear:
α0(t) = 1 + ǫ0 + α
′
0t (5)
then we find that experiment requires
ǫ0 ≈ 0.4 α′0 ≈ 0.1 Gev−2 (6)
Consider first the proton structure function F2(x,Q
2). The pomeron exchanges
contribute at small x
F2(x,Q
2 ∼
∑
i=0,1
fi(Q
2)x−ǫi (7)
Figure 4 shows the coefficient functions fi(Q
2) extracted from the data[12–
14] for x < 0.02 at each available value of Q2, for two choices of ǫ0. We see
that if we suppose that the soft-pomeron coefficient function f1(Q
2) becomes
constant at large Q2 a larger value of ǫ0 is favoured than if we suppose that it
decreases with increasing Q2. We find[11] that either hypothesis gives a good
fit to the data. In either case, the hard-pomeron coefficient function increases
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Fig. 2. Data[8] for γp→ ρp at √s = 6.86 GeV (upper figure) and 10.8 GeV (lower
figure) with Regge curves. The data are events per 0.02 GeV−2.
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Fig. 3. ZEUS data[9] for γp → ρp with the Regge-model prediction. The lower-t
data are at
√
s = 71.7 GeV and the higher-t data at 94 GeV.
at large Q2; the best fit we have found corresponds to a power behaviour
f1(Q
2) ∼ Qǫ0 (8)
at large Q2.
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Fig. 4. Fits to the coefficient functions f0(Q
2) and f1(Q
2) of (7) extracted from H1
and ZEUS data[12–14]. The black points are for ǫ0 = 0.36 and the white points are
for ǫ0 = 0.5.
The data are now so very accurate that, even at very small x, the simple-
power fit (7) needs modifying, to take account of the fact that F2(x,Q
2)→ 0
as x→ 1. The simplest assumption, consistent with the dimensional-counting
rules, is to multiply each term by (1−x)7. This is surely over-simple, but should
be better than not including any such factor. We fit to data for x < 0.001 and
then these factors have a small effect, but it is not completely negligible. The
fit is shown in figure 5 and has essentially just 4 free parameters, including ǫ0.
Although we used only data for x < 0.001 to make the fit, we see that it is
quite good up to larger x, and all the way from Q2 = 0.045 to 5000 GeV2.
Somewhat remarkably, the data[15] for the charm component F c2 (x,Q
2) of
F2(x,Q
2) have the striking property that over a wide range of Q2 they behave
as a fixed power of x. They are described very well by a hard-pomeron term
alone. Further, the hard pomeron seems to be flavour-blind. Figure 6 shows
ZEUS data together with 2
5
the hard-pomeron contribution to F2(x,Q
2). The
factor 2
5
is just e2c/(e
2
u+e
2
d+e
2
s+e
2
c). There are considerable uncertainties about
these data, because they are obtained using a very large extrapolation in pT ,
but on the face of it they are very compelling evidence for the hard-pomeron
concept.
3 Real photons
The total cross section for real-photon absorption is
σγp =
4π2α
Q2
F c2 (x,Q
2)

Q2=0
(9)
Figure 7 shows that hard-pomeron exchange continues to describe charm-
production data down to Q2 = 0.
A key question is whether all of the hard-pomeron component of F2(x,Q
2), not
just the c-quark part, survives at Q2 = 0. That is, does the hard-pomeron part
4
0.0001
0.01
1
100
10000
1e+06
1e-6 1e-4 0.01
x
Q
4
F
2
(x;Q
2
)
(GeV
4
)
  5000
  150
  1.5
  0.045
Fig. 5. Regge fit to data for F2(x,Q
2) for Q2 between 0.045 and 5000 GeV2. The
parameters were fixed using only data for x < 0.001.
of F2(x,Q
2) exist already at Q2 = 0, or is it rather generated by perturbative
evolution as Q2 increases? The latter view is the conventional one; I believe
that it is wrong, but the data do not yet allow us to decide one way or the
other.
Certainly, it is important to include the very accurate date for σγp in fits to
F2(x,Q
2). If one does not, the extrapolation of the fits to Q2 = 0 misses the
data by a mile. That is, the real-photon data provide a significant constraint
on fits to F2(x,Q
2). Because these data are at comparatively low energy, they
require also an (f2, a2)-exchange term, which we included in our fits[11], but
its contribution to the data in figure 5 is extremely small. The data for σγp
are shown in figure 8. The upper curve corresponds to the extrapolation to
Q2 = 0 of the fit shown in figure 5, while the lower curve shows what remains
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Fig. 6. Data[15] for F c2 (x,Q
2) from Q2 = 1.8 to 130 GeV2. The curves are the
hard-pomeron component of the fit to F2(x,Q
2) shown in figure 5, normalised such
that the hard pomeron is flavour-blind.
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Fig. 7. Extrapolation to Q2 = 0 of the hard-pomeron contribution to F c2 (x,Q
2)
when the hard-pomeron component is omitted.
From this figure, we cannot be sure whether a hard-pomeron component is
needed at Q2 = 0. If the hard pomeron is present in σγp and σγγ, then pre-
sumably it should be there at some level also in σpp, and it will be interesting
to check this at the LHC.
One may ask also whether LEP data[16,17] for σγγ show evidence for a hard-
pomeron component at Q2 = 0. Unfortunately, the data are highly sensitive
to the Monte Carlo used to correct for experimental acceptance. Figure 9
shows this clearly: the two sets of L3 points correspnd to different Monte
Carlos. The curve is obtained by assuming that neither σγp nor σpp needs a
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Fig. 8. Data for σγp with the fit obtained by extrapolating to Q2 = 0 the fit to
F2(x,Q
2). The lower curve has the hard-pomeron component removed.
400
600
800
1000
10 50 100
 : 211 s
0:0808
+ 409 s
 0:4525
p
s (GeV)
OPAL
L3

(nb)
Fig. 9. LEP data[16,17] for σγγ . The curve assumes there is no hard-pomeron con-
tribution.
hard-pomeron term and calculating σγγ by assuming that the soft-pomeron
and (f2, a2) components each obey Regge factorisation. At present, no firm
conclusion is possible!
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4 J/ψ photoproduction
I have shown in figure 2 that the rise of the cross section γp→ ρ p with energy
is consistent with soft-pomeron exchange, and the same is so for γp → φ p.
However, this is not true for γp → J/φ p, for which the data[18] require a
significant hard-pomeron component. The fits in figure 10 correspond to[11]
T (s, t) = iF1(t)GJ/ψ(t)
∑
i=0,1
AIPi(α
′
IPi
s)αIPi (t)−1e−
1
2
iπ(αIPi (t)−1). (10)
Here F1(t) is the nucleon Dirac form factor, GJ/ψ(t) is the coupling to the
γ J/ψ vertex, αIP1 is the classical soft-pomeron trajectory and
αIP0(t) = 1.44 + α
′
IP0t (11)
is the hard-pomeron trajectory. We find it is sufficient to take GJ/ψ(t) constant
over the range of t for which data are available. The differential cross section,
figure 10b, shows little or no shrinkage, so the slope of the hard-pomeron
trajectory αIP0(t) is smaller than α
′
IP1, assuming that it is linear in t.
It may be[11] that in γp→ ρ p, φ p and J/ψ p the hard-pomeron contribution
is flavour-blind, and then in the first two of these reactions it is swamped by the
contribution from soft-pomeron exchange at Q2 = 0, but becoming relatively
more important as Q2 increases.
5 Perturbative evolution
I have to emphasise that Regge theory is not a rival to perturbative evolution:
we have to learn how they live together. It is now accepted by most of us
that the conventional way to implement perturbative evolution at small x has
unsolved problems. This is because it expands the splitting matrix P(N,αS),
where N is the Mellin transform variable conjugate to x, in powers of αS),
but unfortunately the expansion parameter turns out to be αS/N . Therefore
the expansion becomes invalid at small N and some sort of re-summation is
essential, and we do not yet know how to do it reliably. Even though each
term of the perturbative expansion is singular at N = 0, it is rather sure that
P(N,αS) itself is not. Compare, for example, the expansion of
√
N2 + αS −N = αS/N +O(α2S) (12)
which is not valid if N < αS.
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Fig. 10. γp→ J/ψ p: data[18] for (a) the total cross section and (b) the differential
cross section.
My own guess is that P(N,αS) has no relevant singularity at all in the complex
N -plane. If this is true, then the DGLAP evolution equation
Q2
∂u(N,Q2)
∂Q2
= P(N,αS)u(N,Q
2) (13)
is consistent with the approximation that u(N,Q2) just has poles, which are
at fixed values of N , so yielding fixed powers f(Q2)x−ǫ in F2(x,Q
2) as in the
fit (7). The evolution equation then tells us how f(Q2) varies with Q2 at large
Q2.
In the ranges of x and Q2 where there are data for F2(x,Q
2), a conventional
fit based on unresummed two-loop evolution and the two-pomeron fit can be
made to agree well. But they do not continue to agree when we extrapolate
them to smaller values of x, particularly at relatively small values of Q2. This
is seen in figure 11, which compares the two-pomeron fit (solid lines) with a
two-loop-evolution fit[19].
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Fig. 11. Two-pomeron fit (upper curves) and two-loop-evolution fit (lower curves)
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Fig. 12. Glueball trajectories: (a) 2++ glueball candidate[20], with the trajectory
(1); (b) repelling trajectories (1) and (5), with a second glueball candidate[21]
If indeed the hard and soft pomerons correspond to poles in the N -plane,
they also correspond to poles in the complex angular momentum plane. In
this case, for the value of t at which either trajectory passes through 2 there
should be a particle with mass
√
t. Theoretical prejudice has it that these
particles should be glueballs. Figure 12a shows that there is[20] a 2++ glueball
candidate with exactly the right mass to be on the soft-pomeron trajectory
(1). There is a second such candidate[21] with the right mass to be on the
hard-pomeron trajectory (5), but if two trajectories cross it is likely that they
mix so that they avoid each other in the way shown in figure 12b. This picture
gives the hard-pomeron trajectory a slope close to 0.1 as in (6).
6 Key questions
Among the key questions that I have raised in this talk are:
• Is a hard pomeron already present at Q2 = 0?
• Are there glueballs on pomeron trajectories?
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• Will the hard pomeron be evident in pp total cross section at the LHC?
• Can we construct the theory of perturbative evolution at small x?
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